The toxicity of methylmercury (MeHg) in humans is well established and the main source of exposure is via the consumption of large marine fish and mammals. Of particular concern are the potential neurodevelopmental effects of early life exposure to low-levels of MeHg. Therefore, it is important that pregnant women, children and women of childbearing age are, as far as possible, protected from MeHg exposure.
Introduction
Lifestyles and particularly the diet play a crucial role in personal exposure to environmental chemicals. Exposure to methylmercury (MeHg) is a clear example as the general population is exposed to this metal compound through consumption of fish and other products from the aquatic environment (Schoeman et al., 2009) .
Mercury is a ubiquitous heavy metal, naturally present in the environment but human activities have increased its concentration in the environment about three-fold over the last century (Mason et al., 2012; Lamborg et al., 2014) . In aquatic ecosystems, mercury is transformed to its organic form, MeHg, which is more bioavailable and bioaccumulates in aquatic food chains to reach the highest concentrations in the upper trophic levels. In October 2013, the Minamata Convention under the auspices of the United Nations Environment Program (UNEP), a global action to protect human health and the environment from anthropogenic emissions and releases of mercury and mercury compounds, was signed (http://www.mercuryconvention.org). Although mercury emissions will be reduced when this treaty becomes fully operative, old mercury releases in deposits (e.g. in soil, sediments, ice) will still be mobilized and become biologically available. Therefore, old "legacy" contamination will contribute to the current mercury levels in the environment and consequently determine human exposure for many years to come (Selin, 2009 ).
The neurotoxicity of MeHg in humans is well established. The vulnerability of the developing fetus to MeHg exposure resulted in extreme fetal neurotoxicity as first described for Minamata, Japan, in 1956 (Kurland et al., 1960; Yorifuji et al., 2013) . In Minamata, the exposure levels were high. Later, several large-scale epidemiological studies (New Zealand, the Seychelles and Faroe Islands) have shown that even low-level exposure to MeHg during early life stages could interfere in neural development leading to cognitive malfunction (reduction in IQ, attention deficit disorder) later in life (Kjellstrom et al., 1986; Julshamn et al., 1987; Myers et al., 2003) . On the other hand, negative effects of contaminants could be counter-balanced by the positive effects of healthy nutrients in fish and marine products (Karagas et al., 2012; Choi et al., 2014) . This highlights the importance of balancing the risks and benefits of fish consumption.
Since the symptoms of methylmercury exposure are subtle and multi-causal, there is still no consensus on a heath-based guidance value for MeHg exposure despite the large number of recent studies trying to connect low exposure levels to actual risk (Schoeman et al., 2009; Karagas et al., 2012; Valent et al., 2013) . However, there is a general recommendation that pregnant women, children and women of childbearing age should be protected as much as possible from mercury exposure. Therefore, it is important to know what the actual exposure is to MeHg in the general population and what the sources of exposure are in order to formulate adequate mitigation strategies and recommendations.
The European project DEMOCOPHES (DEMOnstration of a study to COordinate and Perform Human biomonitoring on a European Scale) was initiated to demonstrate how harmonized HBM tools developed in the European project COPHES (Consortium to Perform Human biomonitoring in a European Scale) could be applied in Europe to provide baseline information on selected contaminant levels in the European population. Mercury was one of the contaminants included and here we give an insight into mercury levels, based on hair measurements, of children and their mothers in 17 European countries measured under strictly standardized and harmonized conditions . Our results build on analysis of total mercury in hair, which is significantly cheaper than analysis of methylmercury. For hair analysis, total mercury is generally accepted as a good proxy for MeHg exposure (Harkins and Susten, 2003) .
As shown before, DEMOCOPHES results confirmed the clear correlation between consumption of fish and marine products and mercury levels in hair . However, since the habits and frequency of fish and marine products consumption show great variation among the participating European countries, and since the study applied harmonized questionnaires and analytical procedures, we used this unique opportunity for a more detailed analysis of the relationship between dietary patterns and mercury exposure. In addition, the fact that the study included mother-child pairs enabled us to analyze how adult food habits and related exposure influences children's exposures in the same family. This type of information is pivotal for health and food safety authorities when developing dietary recommendations for young families, and managing the delicate balance between the assumed health benefits of a diet rich in fish and the potential negative effects of an increased burden of environmental contaminants including mercury.
Materials and methods
DEMOCOPHES was a pilot study involving 17 European countries (Fig. 1) . The aim of the project was to test the feasibility of a harmonized human biomonitoring approach; testing protocols developed in the EU project COPHES (Joas et al., 2012) .
Harmonized tools

The European protocol
Based on the European study protocol, countries developed their national protocols with only minor adaptations so as not to jeopardize the comparability of the results. The study design has been described previously by Becker et al. (2014) . In summary, 120 mother-child pairs, up to 45 years and from 6 to 11 years, respectively, in each country (except Cyprus and Luxembourg which were expected to contribute with 60 pairs per country because of their smaller population size) were to be recruited from two locations ( Fig. 1) representing the upper and lower degree of urbanization (urban and rural), via inhabitant registries or schools. Participants were recruited between September 2011 and February 2012 and had been living for the 5 last years or more in the same location. Volunteers living in hospitals or institutions, who were homeless, or presenting metabolic disturbances (e.g. diabetes, nephritic syndrome or porphyria) or abnormal urine excretions (creatinine values o0.3 g/L or 43 g/L) were excluded (WHO, 1996) .
Samples and data collection
Hair samples were collected according to the instructions detailed in the Standard Operation Procedure (SOP) included in the study protocol . A trained field worker conducted the interviews of the mothers based on validated structured questionnaires. Using different reverse/independent translators the quality of translations of the questionnaire into national languages was controlled. The questions were categorized into following sections: residence environment, nutrition, smoking behavior, occupation and socio-demography. The mothers answered all questions including those concerning the consumption of fish and marine products for both herself and her child (Fig. 2) . Each question was asked separately for the mother and for her child, so that personalized data could be collected. . Castaño et al. / Environmental Research 141 (2015) [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] Additionally, data on the sampling procedure and basic information about the samples were collected e.g. whether the hair had been dyed or tinted within the previous 6 months.
Chemical analysis
Mercury determinations in the DEMOCOPHES pilot study were done in laboratories which successfully passed the COPHES/DE-MOCOPHES external quality assurance program Table S1 as Supplementary material). To assess mercury in hair, the closest centimeters (maximum 3 cm) to the scalp of the hair samples were analyzed.
Databases management
The analytical results and the information gathered with the questionnaire were recorded in the national databases using a common format and coding. Identical quality controls were applied at national level, using a centrally developed script (written in R statistical software, R Development CoreTeam, 2012) . The data from all the countries were merged into the European database .
Training
In support of the study protocol and the Standard Operating Procedures, various training sessions were organized covering the following tasks: sampling, sample transport and preservation, interview/questionnaire conduct, statistical analysis, ethics and communication .
Ethical approval
The ethical committees of each involved European country approved the study protocol and country specific requirements were followed. All mothers gave written informed consent on her and her child's behalf (www.eu-hbm.info/ democophes).
Statistical analysis of data
Cluster analysis of diet-patterns in the European sample
The classification procedure (cluster analysis) was based on the seven possible distinct answers to questions B, C, D, and E (SEA FISH; SHELLFISH; FRESHWATER FISH and SEAFOOD PRODUCTS) (Fig. 2 ) from the motherchild pair, totaling eight variables with seven levels.
DEMOCOPHES data including answers to the questionnaire on fish consumption, and number of amalgam fillings of mothers and children along with area of residence, gender, age, and parental educational levels were taken from the central database .
Hierarchical cluster analysis, and the complete linkage algorithm of cluster building, was used, with a Manhattan distance as dissimilarity measure (Johnson and Wichern, 1988) . Manhattan dissimilarity would be zero if two questionnaires answers were identical (all eight variables). It would be one if just one of the eight variables differs in one step in the sequence "several times per day" -"daily" -"several times per week" -"once per week" -"several times per month" -"once per month" -"almost never". It would be two if that happens in just two items in the questionnaire, or if there is a two steps difference in just one item, and so on. In general, the dissimilarity will be the total number of steps of difference between two questionnaires there are for all items (Fig. S1 in Supplementary material, shows an example for two items).
The analysis of combined consumption in mother-child pairs was based on the lowest reported consumption in the pair.
Analysis of mercury levels in hair in relation to diet patterns
Once mother-child pairs were classified, and consumption patterns were described, mercury concentrations in hair for the different groups and diets were compared. Hair mercury levels of mothers and children were taken from the central database . Mercury levels have been validated and stored in the central database after imputation of values below the limits of quantification (LOQ) as LOQ/2. Medians and 90th percentiles of mercury in hair were calculated for the different groups. Wilcoxon-Mann-Whitney rank sum tests were used in order to compare consumption of food types between groups, and Kendall's tau-b correlation was utilized to analyze the association of each type between mothers and children. It was also used to measure the association of mercury levels between mother and child.
The clustering of the European mother-child pairs on the dietary answers was the basis for the analysis of mercury exposure (from hair analysis) in relation to consumption of food items from the marine or freshwater environments. All pairwise comparisons between cluster groups were tested for differences in diet and mercury (Wilcoxon-Mann-Whitney test). When comparing groups, two kinds of results were of interest for the discussion of mercury exposure factors in this work:
1. Equal SEA FISH consumption/significantly different Hg hair levels. 2. Significantly different SEA FISH consumptions/equal Hg hair level.
The confidence level for hypothesis testing was 0.05. All statistical analyzes were carried out using Stata 12 (Stata Corp LP, USA). Automated searches, written as Stata do scripts, were used in order to find diet-patterns of high frequency in the European sample, and within countries.
Results
Most of the 17 DEMOCOPHES implementing countries met the minimum required sample size of 120 mother child pairs (60 in Luxembourg and Cyprus because of their smaller population size). Exceptions were UK (21 pairs) and to a minor extent Sweden (100 pairs). Some countries extended their sample sizes beyond the minimal DEMOCOPHES requirements (Table 1 ). The grand total was 1858 pairs. A total of 59 pairs were excluded from the classification of fish products consumption because of their incomplete questionnaires. In Ireland, 19 pairs were excluded, because SEA FISH was consistently reported, but there were missing answers for the rest of the items. The rest of the exclusions are scattered among eleven countries. Thus a final set of 1799 pairs was considered in the present analysis (Table 1) .
Mercury levels in the hair of participants showed large differences, up to a factor of 40 in national medians, among the 17 participating countries. Analysis of the data clearly indicates that differences in mercury levels for the European participants are associated with diet and Tables S2 and S3 as Supplementary material).
Cluster analysis of diet
Fish consumption reported in the DEMOCOPHES questionnaires can be classified in two main branches and in secondary groups. Fig. 3 and Fig. S2 show the dendrogram of the hierarchical cluster analysis considering the eight variables (questions B, C, D, and E for each member of the pair). First, as a result of the classification procedure, two broad branches were identified: "high fish consumption" (H) branch containing 809 pairs (45% of the total) and "low fish consumption" (L) branch with 990 pairs (55% of the total). All the top scoring pairs for any of the four questions are in H. Moreover, considering a family habit of once per week as a reference for SEA FISH (both members of the pair) and once per month as a reference for SHELLFISH, FRESHWATER FISH and SEAFOOD, it was found that pairs reporting higher frequencies than the reference were all in H for SEA FISH (except three), they were ten times more abundant in H than in L for SHELLFISH and they were twice as many in H than in L for SEAFOOD. Although FRESHWATER FISH presented just 1.4 more pairs above the reference in H, their consumption levels were higher, even above one per week. Pairs with frequencies above the reference for more than one question were mostly in H.
All countries had participants in both branches, but it can be pointed out that Belgium, Denmark, Spain, Portugal and Sweden had twice as many or more pairs in H (high fish consumption) than in L (the low fish consumption) groups, and vice versa for Switzerland, Czech Republic, Hungary, Poland, Romania, Slovenia and Slovakia (Table S4) .
There are no significant differences between the assignment of pairs to H or L between the rural and urban locations of each country (p 40.110), with the exceptions of Hungary (p ¼0.024) and Slovenia (p ¼0.005) where rural locations show lower consumption levels. Fig. 3 . Dendrogram of the hierarchical cluster analysis for fish and marine product consumption of participants in the European sample DEMOCOPHES with the two main branches H (high consumption) and L (low consumption) and the secondary groups at the third level of dendrogram: H1, H2, H3 and L1, L2. Bar graph below each group, showing percentages of pairs consuming SEA FISH more than weekly, SHELLFISH more than monthly, SEAFOOD PRODUCTS more than monthly and FRESHWATER FISH more than monthly.
Table 2
Recurrent diet patterns in pairs (both mother and child) of groups H3 and L2, according to the answers given to the DEMOCOPHES fish and marine product consumption questionnaire. SHELLFISH and SEAFOOD PRODUCTS answers for both members of the pair are "almost never" in all six diet patterns. Mercury in hair median, 90th percentile and percentage of subjects above the limit of quantification (LOQ) are also shown. The two big branches (H and L) were further divided in a main classification of three (H1; H2; H3) and two groups (L1; L2) of unequal size but optimal dissimilarity (Fig. 3) .
The high consumption branch (H) includes a big mainstream group (H3, 663 pairs) in addition to two smaller extreme groups (H1 and H2) with high consumption (Fig. 3) . H1 (102 pairs) and H2 (44 pairs) stand out from H3 because of their higher consumption rates of SEA FISH and, additionally, FRESHWATER FISH (H1) or SHELLFISH and SEAFOOD PRODUCTS (H2). Therefore, H1 and H2 gathered pairs with the highest scores in SEA FISH, SHELLFISH, SEAFOOD PRODUCTS and FRESHWATER FISH consumption.
Likewise, the low fish consumption branch L was divided into a small group (L1, 72 pairs) and a mainstream group (L2, 918 pairs).
Within the L branch, the group L1 includes pairs with an intermediate range of SEA FISH consumption. None of the pairs answered "almost never" to all B, C, D and E questions in L1. The most prominent feature within the L groups is the difference in consumption of SEAFOOD PRODUCTS: in L1, 21 pairs out of 72 (29%) had consumption levels above the reference of once per month, whereas there were none in L2.
L2 grouped participants with the lowest consumption in the whole European sample. Half the pairs in the group answered "2 or 3 times per month" or less for SEA FISH AND "almost never" for consumption of SHELLFISH, SEAFOOD PRODUCTS and FRESHWATER FISH.
Group comparison and analysis.
A distinct pattern could be observed in the analysis of questionnaire replies. In the European sample, six recurring questionnaire answers for mother and child pairs (Table 2) were dominating. Given that the theoretical number of answers is 5.7 million, six recurrent diet patterns show that there is a clear preference in consumption patterns of fish and marine products in the studied European cohort. The six recurring answers are in core groups H3 and L2 and account for little less than a third of the total number of replies. Thus, 358 pairs in L2 (39%) and 150 pairs in H3 (23%) replied just one of the six recurring fish patterns Table 3 Correlation (Kendall's tau-b) between mothers' and children's frequency of consumption of SEA FISH, SHELLFISH, SEAFOOD PRODUCTS and FRESHWATER FISH and mercury in hair (μg/g). Correlation within each of the main groups according to cluster classification represented in Fig. 2 (H1,H2, H3 , L1 and L2). 
Table 4
Results for mercury in hair (μg/g) for mothers and children in each of the groups, and selected subgroups utilized for comparisons. Groups were obtained from cluster analysis of fish and marine products diet. Median (P50), 90th percentile (P90) and percentage of samples above the limit of quantification (LOQ). shown in Table 2 . The common denominator in these groups is the reply "almost never" to the consumption of SHELLFISH and SEAFOOD PRODUCTS. This makes it possible to compare mercury levels just on the basis of fish (seawater or fresh water) consumption without interference of SHELLFISH or SEAFOOD PRODUCTS. None of the recurring fish patterns identified in the questionnaires seems to be characteristic for a particular country. There are some countries with up to four prevalent reply patterns, while in other countries they are rare or even absent, but considering the lack of country representativeness of the samples in general, the information should be considered cautiously. For example, pattern I (Table 2) is prominent in Romania and Hungary but absent in Cyprus, Spain, Luxembourg, Portugal and United Kingdom. Looking at Romanian and Hungarian pairs, there is a strong incidence of patterns I, II and III with pattern II (FRESHWATER FISH) being characteristic for these two countries. Patterns I, III, and IV of low consumption are frequent in Switzerland, Czech Republic, Poland and Slovenia. In Germany and Slovak Republic patterns I, II, IV and V make up half of the total DEMOCOPHES sample. Pattern VI applies only to Portugal. Pairs in Belgium, Denmark, Spain and Sweden rarely provide any recurrent combination of answers to the questionnaire and even less frequently agree in any combination (i.e. four repetitions at most in each country) ( Table S4 ).
Mothers Children
The five main groups (H1, H2, H3, L1 and L2) differ significantly (p o0.05) in each of the four questions, when comparing every two groups, except in the low consumption branches (L1 and L2) that have the same consumption of SHELLFISH (p ¼0.862) and FRESH-WATER FISH (p ¼0.725).
Comparing the questionnaire replies of mothers and their children, about half of the pairs in DEMOCOPHES report identical consumption patterns (880 pairs). Still, the mother-child replies are positively correlated for all except two items FRESHWATER FISH in the H2 group and SEAFOOD PRODUCTS in L1 (Table 3 ). In fact L1-the highest consumer group in the lowest branch-has the lowest positive correlation (Kendall's tau-b) between mothers' and children's replies. The largest differences between mother and child answers to the same item occurred in this group (L1). In general, mothers eat fish and marine products more frequently than their children, particularly SEAFOOD PRODUCTS with 15.3% of mothers in L1 exceeding their children's frequency of consumption by more than three levels.
When comparing questionnaires replies for mothers and questionnaires replies for children independently, the five main groups (H1, H2, H3, L1 and L2) also differ significantly (po 0.05) in each of the four questions when comparing every two groups, as was shown for the pairs. But in this case the exceptions increases to five cases for mothers (SEA FISH for H1-H2; SHELLFISH for H1-L1; SEAFOOD PRODUCTS for H2-L1 and FRESHWATER FISH for H2-H3 and L1-L2) and in two more for children (SHELLFISH and FRESHWATER FISH for L1-L2). In other words, mothers in the two extreme high consumption H branches reported the same frequency of SEA FISH consumption (p ¼0.072); and, children in the low consumption branches (L1 and L2) replied the same for SHELLFISH (p ¼0.898), 93% of them reported "almost never" to question C.
When levels of mercury in hair were compared to the classification based on fish consumption (Fig. 3) , the dendrogram matched differences in mercury levels both in mothers and children. The main five groups (level 2 on Fig. 3 ) differed in their mercury values in hair, which are shown in Table 4 . H1, with a high consumption of SEA FISH and FRESH FRESHWATER FISH, showed extreme values of up to 8.9 mg/g mercury in one mother and 6.6 mg/g mercury in one child. Group H2, with a high consumption of SHELLFISH and SEAFOOD PRODUCTS, shows the highest median levels (1.3 mg/g for mothers and 0.98 mg/g for children) and the highest 90th percentiles (3.2 mg/g for mothers and 2.1 mg/g for children). H groups have higher medians (P50) and 90th percentiles (P90) than L ones, although the highest exposure pairs in L1 clearly keep up with typical mercury levels in H3. H3 group, representing the 37% of the studied population, consumed fish and/or marine products (B, C, D, E questions) on a weekly basis and its median mercury values are 0.4 μg/g. In fact except for the H2 group, the P50 values for the five main groups were below 1 μg/g mercury in hair.
Median as well as P90 values are higher for mothers than for children. The correlation between mother and child mercury levels was a bit lower in low consumption groups than in higher consumption ones (Table 3) . Correlation between mother and child in mercury shows wider variation by country (range 0.195-0.494) than by diet group.
Mercury levels increased in relation to the frequency of SEA FISH consumption in study participants reporting no consumption of SHELLFISH and SEAFOOD PRODUCTS ( Table 2 ). 90% of the women consuming only SEA FISH once per week (pattern V) (independently of the species or the size) had mercury levels of 0.55 μg/g and 50% of the mothers who consume SEA FISH several times per week (pattern VI) had mercury levels of 0.80 μg/g. 89% of the mothers in the high fish consumer group (pattern VI) are at the benchmark value set up by JECFA/WHO 1.9 μg/g (EFSA, 2012) ( Table 2 ).
All differences in mercury levels between pairs of the five main groups are significant (p o0.05) except for mothers in H3-L1 (the lowest high consumer group and the highest low consumer group) (p ¼0.153).
H1 and H2 have significantly different levels of mercury in hair despite having no significant differences in SEA FISH consumption and this was the driver to investigate the influence of other dietary items on mercury levels.
For that aim, some subgroups of the main five have been selected from the lower branches of the dendrogram of our cluster analysis (Table 4) . These subgroups show either significantly different mercury levels although the same SEA FISH consumption frequency, or the opposite way, there were significant differences in SEA FISH consumption but with no differences in mercury in hair. The possible contribution of amalgam fillings, their occurrence and their number, have been tested. Both have been found to be nonsignificant with respect to the mercury levels measured in hair (Fisher exact test for the proportion of mothers with amalgam fillings p 40.142, Wilcoxon-Mann-Whitney for their number p 40.057).
Significant differences in Hg levels although similar SEA FISH, intake were observed in a number of group-pair comparisons. This is exemplified when a subgroup of H3 (H3b) is compared with H2. Both groups are described in Table 5A , in which the proportion of mothers and children having each of the food items more frequently than the reference (once per week for SEA FISH, once per month for SHELLFISH, SEAFOOD PRODUCTS and FRESHWATER FISH), are shown along with median values of mercury in hair. Incidence of amalgam fillings is also shown for reference. The consumption of SEA FISH is high in both groups (50% of the members consume more than once per week) with no significant differences between the two subgroups (p ¼0.201 for mothers and 0.137 for children). However, mercury in hair is more than twice in participants from H2 with regard to those from H3b. The consumption frequency of SEAFOOD PRODUCTS is what separates these groups and it seems that SEAFOOD PRODUCTS is the potential determinant for the increase in the mercury levels.
Similar results have been observed in many other pairs of groups, for example between groups H2, and H3a1 with a significantly (po 0.001) wide gap in their monthly SEAFOOD PRODUCTS consumption (almost everyone in H2 and almost nobody in H3a1 having SEAFOOD PRODUCTS monthly), or between groups H1b and H1a also with significantly (p o0.001) different SEAFOOD PRODUCTS consumption (almost everyone in H1b and almost nobody in H1a having SEAFOOD PRODUCTS monthly) while the consumption frequency of SEA FISH is the same, and 3 times more mercury in hair both in mothers and their children of H2 with regard to H3a1 or of H1b with regard to H1a (Table 4) .
Consumption of SHELLFISH also shows a certain influence on the increase of Hg levels as was observed in a number of pair-wise group comparisons. To exemplify this, two subgroups of H3 (H3a1 and H3b) were compared (Table 5B) . When comparing H3a1 and H3b SHELLFISH consumption is significantly different, and SEA FISH and FRESHWATER FISH are consumed at the same level. Mercury in hair was significantly higher in the subgroup with higher SHELLFISH consumption (Table 5B) .
Therefore consumption of SHELLFISH and SEAFOOD PRODUCTS need to be further investigated, in addition to already established contribution of SEA FISH with respect to mercury exposure.
There are also examples in the material of groups that, although having significant differences in SEA FISH and FRESHWATER FISH consumption, showed no significant differences in mercury levels, for example when comparing subgroups H1a1 and H3a1 (Table 5C ). In this case SEA FISH was consumed almost twice as frequently in H3a1 compared to H1a1, with no visible difference in mercury level between the two groups. The consumption of FRESHWATER FISH (98% more frequent) had no influence on mercury levels.
The lack of association of FRESHWATER FISH consumption with the levels of mercury was confirmed in H2 and H1b comparisons. In this case, SEA FISH and SHELLFISH were equally frequent in the diets of members of both subgroups but there was a significant difference in the frequency of FRESHWATER FISH in the diet (92% more frequent in H1b both in mothers and children), and no significant effect was seen on mercury levels in hair for mothers neither for children (p ¼0.131 and p ¼0.313, respectively) ( Table 4) .
Discussion
In this paper we have compared results both for dietary habits and mercury in hair for the first time in a harmonized way in mother-child pairs in 17 European countries. Data are based on European dietary habits and on fish marketed and consumed in Europe. This was possible thanks to the use of a commonly developed protocol (target population and questionnaires), a full training scheme for field work as well as stringent quality control programs for chemical and data analysis.
In the overview of results from the DEMOCOPHES project (Den Hond et al., 2015), we report that mercury levels in hair of participants (mother-child pairs) varied with more than a factor of 50 between the lowest (Hungary, geometric mean (GM) 0.02 μg/g hair) and the highest (Portugal, GM 1.03 μg/g hair) with an overall geometric mean in the DEMOCOPHES material of 0.14 μg/g, based on values from the children. The mothers had higher mercury levels than their children but followed the same pattern. Fish consumption and social status were identified as important and independent determinants of mercury levels, both in mothers and their children, which confirms results from other studies (Mahaffey, 2004) . Although France, Greece and Italy did not participate in the DEMOCOPHES project, recent biomonitoring studies on hair levels of mercury in women from France (0.60 μg/g), Greece (1.12 μg/g) and Italy (0.77 μg/g) show that they fall well within the range of the DEMOCOPHES countries in which fish and other marine products constitute an important part of the diet (Frery et al., 2010; Miklavčič et al., 2013) . The wide-spread difference in mercury exposure in the European population can be related to dietary habits and in particular to consumption of fish and other products from the aquatic environment. With respect to mother-child pairs, there is a strong correlation (r ¼0.72) in hair mercury concentration between the mother and child which shows that there is a common source of exposure in the studied families. Most likely this is the diet since mercury levels in hair reflect primarily exposure to MeHg from food sources (Sherman et al., 2013) . We also found that mercury from amalgam fillings is of minor importance (Table 5 ) with respect to hair levels as also reported by others (Sherman et al., 2013) .
An important part of the study was the questionnaire data on the participants' consumption frequencies of fish and other products from the aquatic environment. The weakness of these types of questionnaires is that they are a retrospective survey in which the mothers have to remember what and when they ate the different items covered and to what extent their children ate them. Probably the most certain reply is when the answer is "never" -in this case the respondents probably know for sure. Therefore, the questionnaire provided only approximate information on fish consumption and was not a precise measure of the fish ingested by an individual. Despite this limitation, the material still allows for analysis of consumption patterns across the DEMOCOPHES countries and of items that may have an additional influence on the levels of mercury measured in hair.
There is a clear pattern in consumption of fish and other aquatic products across Europe, with relatively higher frequency in the Mediterranean and North European countries and a lower frequency in Central European countries. Based on questionnaire answers we could separate mercury exposure due to SEA FISH consumption from FRESHWATER FISH consumption. In the results there was no evidence that consumption of FRESHWATER FISH contributes to mercury levels in mothers and their children. This finding is not surprising since the market for FRESHWATER FISH is very limited in Europe with 5.3% of total sales of aquatic products while seawater fish represents 73.5% and the remaining 21.2% is other types of aquatic products (EUMOFA, 2014) . In some European countries FRESHWATER FISH could be a significant source of mercury exposure. Swedish FRESHWATER FISH (pike, Esox lucius, perch, Perca fluviatilis) contain significant amounts of methylmercury, in the range of 0.5-1.0 mg/kg, because of historical mercury contamination (Åkerblom and Johansson, 2008) . This exposure was not reflected in the Swedish data from the DEMOCOPHES study probably because consumption of FRESHWATER FISH is small and concentrated to local populations, which were not captured in the DEMOCOPHES sample.
In the DEMOCOPHES material, the group H3, with 37% of the studied sample, reported consumption of fish and marine products once a week or more. The mercury levels in this group are below 1.65 μg/g for 90% of the mothers. When analyzing the contribution of the different food items, we found that 90% of those who ate fish but no other marine products had mercury values below 0.55 μg/g, and half of the group (P50) had values below 0.15 μg/g. Furthermore, 50% of the mothers consuming SEA FISH several times per week had mercury values below 0.81 μg/g (Table 2 ). This is valuable information for public health authorities when developing dietary recommendations. For example, the US-EPA recommended level for women in childbearing age is 1 μg mercury per gram hair (US-EPA, 2001) which means that the whole group studied here (eating only SEA FISH once per week independently of the species and size) and half of the group of frequent consumers would be on the "safe side". Furthermore, if we consider the JECFA/ WHO recommended levels of 1.9 μg/g, 89% of the higher consumers (eating only SEA FISH) fall below this limit (Table 2) .
A very clear, additional pattern comes out from the analysis.
SEAFOOD PRODUCTS, and to a lesser extent SHELLFISH, contributes significantly to the mercury exposure, both in mothers and their children. The SEAFOOD PRODUCTS group includes algae, seaweed and surimi that are quite common in "modern diets". Surimi is a food product based on several fish species such as Alaska Pollock, Pacific whiting, Tilapia and other species of less market value and it forms the bases for food items such as imitation crab meat, satsumi-age/tenpura, hanpen, and fish sausage (Tina et al., 2010) . Depending on the origin of surimi products, they may contribute to the body burden of mercury. There could be a risk that they originate from environments with elevated mercury levels or that some of the fish species used are top predators in the marine food chain. Eurostat data from 2011 and 2012 showed an increase of 69% in volumes of miscellaneous aquatic products imported from extra-EU countries, and it should be mentioned that no imports of seaweed and other algae were reported in 2011, but they totalled 53.000 tonnes in 2012 (EUMOFA, 2014) . Clearly, there is a need for more extensive monitoring of these products to obtain a better picture of their role as potential sources of mercury exposure. There were also groups of consumers that had lower mercury levels than expected on basis of their consumption of SEA FISH and SEAFOOD PRODUCTS. The species of fish consumed were not reported in the questionnaires and therefore it is difficult to make exact correlations. However, it is well known that type of fish, the size, age and the position in the food chain are important with respect to mercury content. Top predators accumulate the highest levels since mercury is concentrated along the food chain (NRC, 2000) . The metal is bioaccumulated over a lifetime and larger and older specimens will have higher concentrations than younger and smaller ones. Therefore active pelagic top predators like tuna, swordfish or long-lived species that such as sharks attain high mercury levels. The mercury values reported can be assumed to represent exposure from fish landed in Europe by EU fishing fleets. The majority of the fish marketed in Europe comes from NorthEast Atlantic (71.5%) and the Eastern Central Atlantic (13.4%) (EUROSTAT, 2014) . According to the European Commission Regulation (EC) No. 78/2005 of January 19, 2005 the maximum allowed level of mercury in the species anglerfish, swordfish and tuna is 1 mg/kg. For other fishery products and fish muscle the maximum allowed level of mercury is 0.5 mg/kg.
Individual susceptibility can also play a role in mercury accumulation. In fact, inter-individual variation in mercury biomarkers may be partly explained by genetic variability. This may explain some of the exceptional cases that were identified in the present material. For example one mother in the L1 cluster reported that she "almost never" consumed fish or marine products. She reported that she ate fish and shellfish "once per month or less" and "almost never" other SEAFOOD PRODUCTS. As mentioned, a "never" answer in the questionnaire could be considered quite reliable. She had 2.8 mg/g mercury in the hair which is the range of high SEA FISH consumers. These exceptions in single cases could be associated with individual susceptibility or a genetic polymorphism (Basu et al., 2014; Julvez and Grandjean, 2013) .
Mercury contamination of the human food chain is a significant problem for human health and wellbeing. Fish and shellfish are important components in a healthy diet and have a high cultural and social value in many parts of Europe. They are central ingredients in the so-called "Mediterranean diet", which today is recommended to mitigate obesity and cardio-vascular disease. Unfortunately these products can be a significant source of mercury exposure. There is a risk that people stop eating fish and shellfish because of the perceived health risks of mercury, which would be highly undesirable from a public health point of view. The first recommendation is to focus the advice on the vulnerable groups, which in the case of mercury, is pregnant women. Welldesigned communications strategies are therefore important in order to correctly communicate both the risks and benefits to human health. An example of this comes from the Bermuda Islands where a successful communication strategy and public health interventions resulted in an 80% reduction of blood mercury levels in a population of pregnant women following the provision of dietary advice of local versus global market fish intake (Dewailly et al., 2012) .
It is important to reduce anthropogenic mercury emissions as far as possible. The ratification of the Minamata Convention will be an important step in this direction. These kinds of strategies become useless if it is not possible to show that they work. Human biomonitoring, based on analysis of mercury in hair, is relatively cheap and a very sensitive tool to follow the implementation of this strategy and determine its effectiveness. It will be able to clearly demonstrate whether the strategy works and human exposure to mercury is reduced or not.
Conclusions
There is a widespread difference in mercury exposure in the European population and the difference is very likely related to dietary habits and in particular to consumption of fish and other products from the marine environment. The frequency of fish and aquatic products consumption shows a clear pattern across Europe with a relatively higher frequency in the Mediterranean and North European countries and a lower frequency in Central European countries. The hair mercury levels also show the same general pattern. The mercury levels in the mothers and their children are strongly correlated indicating a common source of exposure, most likely the diet. There was no significant contribution from dental amalgams to hair mercury levels. The mercury exposure is related to consumption of marine fish and seafood and the contribution from freshwater fish was minor in the studied sample. The majority (a 95%) of those consuming fish once a week or more have mercury levels (0.55 mg/g hair) well below the health based limit values recommended by US-EPA (1 mg/g hair) and by WHO (1.9 mg/g hair) for the most vulnerable population group. Seafood products and shellfish were found to significantly contribute to mercury exposure and this potential exposure source should be further monitored. As mercury will be present in the environment for many years to come, human biomonitoring programs, like DEMOCOPHES, are important tools in assessing current population exposure and in discovering trends and patterns related to mercury mitigation policies (Minamata convention), life style and food consumption. This information is essential for assessing the effectiveness of policies and for advisory authorities in developing relevant consumer recommendations with respect to products from the aquatic environment.
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